Homologous recombination is a high-fidelity DNA repair pathway. Besides a critical role in accurate chromosome segregation during meiosis, recombination functions in DNA repair and in the recovery of stalled or broken replication forks to ensure genomic stability. In contrast, inappropriate recombination contributes to genomic instability, leading to loss of heterozygosity, chromosome rearrangements and cell death. The RecA/UvsX/RadA/Rad51 family of proteins catalyses the signature reactions of recombination, homology search and DNA strand invasion 1,2 . Eukaryotes also possess Rad51 paralogues, whose exact role in recombination remains to be defined 3 . Here we show that the Saccharomyces cerevisiae Rad51 paralogues, the Rad55-Rad57 heterodimer, counteract the antirecombination activity of the Srs2 helicase. The Rad55-Rad57 heterodimer associates with the Rad51-single-stranded DNA filament, rendering it more stable than a nucleoprotein filament containing Rad51 alone. The Rad51-Rad55-Rad57 co-filament resists disruption by the Srs2 antirecombinase by blocking Srs2 translocation, involving a direct protein interaction between Rad55-Rad57 and Srs2. Our results demonstrate an unexpected role of the Rad51 paralogues in stabilizing the Rad51 filament against a biologically important antagonist, the Srs2 antirecombination helicase. The biological significance of this mechanism is indicated by a complete suppression of the ionizing radiation sensitivity of rad55 or rad57 mutants by concomitant deletion of SRS2, as expected for biological antagonists. We propose that the Rad51 presynaptic filament is a meta-stable reversible intermediate, whose assembly and disassembly is governed by the balance between Rad55-Rad57 and Srs2, providing a key regulatory mechanism controlling the initiation of homologous recombination. These data provide a paradigm for the potential function of the human RAD51 paralogues, which are known to be involved in cancer predisposition and human disease.
Homologous recombination is a high-fidelity DNA repair pathway. Besides a critical role in accurate chromosome segregation during meiosis, recombination functions in DNA repair and in the recovery of stalled or broken replication forks to ensure genomic stability. In contrast, inappropriate recombination contributes to genomic instability, leading to loss of heterozygosity, chromosome rearrangements and cell death. The RecA/UvsX/RadA/Rad51 family of proteins catalyses the signature reactions of recombination, homology search and DNA strand invasion 1, 2 . Eukaryotes also possess Rad51 paralogues, whose exact role in recombination remains to be defined 3 . Here we show that the Saccharomyces cerevisiae Rad51 paralogues, the Rad55-Rad57 heterodimer, counteract the antirecombination activity of the Srs2 helicase. The Rad55-Rad57 heterodimer associates with the Rad51-single-stranded DNA filament, rendering it more stable than a nucleoprotein filament containing Rad51 alone. The Rad51-Rad55-Rad57 co-filament resists disruption by the Srs2 antirecombinase by blocking Srs2 translocation, involving a direct protein interaction between Rad55-Rad57 and Srs2. Our results demonstrate an unexpected role of the Rad51 paralogues in stabilizing the Rad51 filament against a biologically important antagonist, the Srs2 antirecombination helicase. The biological significance of this mechanism is indicated by a complete suppression of the ionizing radiation sensitivity of rad55 or rad57 mutants by concomitant deletion of SRS2, as expected for biological antagonists. We propose that the Rad51 presynaptic filament is a meta-stable reversible intermediate, whose assembly and disassembly is governed by the balance between Rad55-Rad57 and Srs2, providing a key regulatory mechanism controlling the initiation of homologous recombination. These data provide a paradigm for the potential function of the human RAD51 paralogues, which are known to be involved in cancer predisposition and human disease.
Rad51 protein and its homologues RecA, UvsX and RadA form nucleoprotein filaments with ssDNA that perform homology search and DNA strand invasion during homologous recombination. The Rad51 paralogues share the RecA core with the Rad51 protein featuring unique amino-and carboxy-terminal extensions ( Supplementary  Fig. 2 ), but themselves do not form filaments and are unable to perform homology search and DNA strand invasion [2] [3] [4] . Whereas humans contain five paralogues (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3), the budding yeast Saccharomyces cerevisiae contains two clearly identifiable paralogues, Rad55 and Rad57 ( Supplementary  Fig. 2 ). Rad55 and Rad57 in yeast as well as the five human RAD51 paralogues have unique non-redundant functions in recombination, and mutations in any one of them lead to recombination defects, chromosomal instability, sensitivity to DNA damage, and meiotic defects [1] [2] [3] . Defects in the budding yeast RAD55 and RAD57 genes lead to identical and epistatic phenotypes in DNA repair and recombination, consistent with the formation of a stable Rad55-Rad57 heterodimer 4, 5 . Rad55-Rad57 heterodimers were inferred to function as mediator proteins 6 allowing assembly of the Rad51 nucleoprotein filament on ssDNA covered by the eukaryotic ssDNA-binding protein RPA 4 . This suggested that Rad55-Rad57 are involved in the nucleation of the Rad51 filament, which is otherwise inhibited on RPA-covered ssDNA. This nucleation model is akin to the role of RecFOR or BRCA2 in nucleating RecA or human RAD51 filaments [7] [8] [9] . Rad51 filament formation in vivo can be monitored cytologically as Rad51 focus formation at the site of DNA damage 10 . Unexpectedly, Rad51 focus formation after ionizing radiation in yeast was demonstrated to be independent of Rad55-Rad57 and formation of visible Rad55-Rad57 foci required Rad51 (ref. 10) . These results are difficult to reconcile with the nucleation model derived from the biochemical results and suggest an alternative function of Rad55-Rad57 in vivo.
To address the function of the Rad51 paralogues in yeast, we determined the effect of Rad55-Rad57 on the stability of Rad51-ssDNA nucleoprotein complexes. Deletion mutants of the RAD55 or RAD57 genes display a curious enhancement of some phenotypes at low temperature (in particular ionizing radiation sensitivity; see Supplementary Fig. 12 ) 5 , indicating that these proteins are involved in the stabilization of a molecular complex, probably the Rad51 presynaptic filament. To test this hypothesis, we incubated subsaturating amounts of Rad51 protein with ssDNA (1 Rad51 per 15 nucleotides) in the presence of substoichiometric amounts of Rad55-Rad57 heterodimer (1 Rad55-Rad57 per 4 Rad51) and challenged the filaments with buffer containing a high salt concentration (500 mM NaCl) (Supplementary Fig. 3a, b ). Under these conditions, Rad51 does not maintain stable complexes with ssDNA during electrophoresis. However, the presence of Rad55-Rad57 resulted in stable, Rad51-containing ssDNA complexes that withstood the salt challenge. In a complementary approach, we examined the effect of Rad55-Rad57 on Rad51 filament formation at near-physiological ionic strength (90 mM NaCl) ( Fig. 1a, b ). Under these conditions, only a fraction of the available Rad51 binds ssDNA, causing retarded mobility of the DNA (Fig. 1b Table 1 ) with over 90% of the gold particles associated with clearly identifiable Rad51 filaments. The remainder may have associated with filaments too short to be scored or with free Rad55-Rad57. Gold particles were found either at the filament terminus (n 5 40) or interstitially (n 5 43) (Supplementary Table 1 ). Negative controls with Rad51 filaments assembled in the absence of Rad55-Rad57 showed negligible gold labelling (Supplementary Table 1 ). These data show that Rad55-Rad57 are associated with the Rad51-ssDNA filament, but the exact disposition of the heterodimer with the filament remains to be determined (see Fig. 1e ).
Salt stability of protein-DNA complexes is a valuable biochemical criterion. To establish biological significance, we tested whether Rad55-Rad57 heterodimers stabilize Rad51-ssDNA filaments against a biologically relevant destabilizer. The Srs2 helicase was identified as a negative regulator of homologous recombination, and genetic experiments indicated that Srs2 targets Rad51 protein [11] [12] [13] . Consistent with the genetic data, Srs2 translocates on ssDNA and disrupts Rad51 presynaptic filaments in vitro, providing a compelling mechanism for its function as an antirecombinase [14] [15] [16] . In the presence of 0.1 or 0.33 mM Srs2 approximately 70% of the Rad51 is dissociated as assessed by measuring Rad51 associated with ssDNA coupled to magnetic beads ( Fig. 2a-c) . The presence of substoichiometric amounts of Rad55-Rad57 (0.1 mM) enhanced the recovery of ssDNA-bound Rad51 by ,twofold (from 31% to 60% in the presence of 0.33 mM Srs2). Rad55-Rad57 and Srs2 bound to Rad51-covered ssDNA in a quantitative and concomitant manner ( Fig. 2d ). Together the data show that Rad55-Rad57 inhibit Srs2 when bound to DNA and not in solution. Concentration-dependent inhibition of Srs2-mediated dissociation of Rad51 from ssDNA by Rad55-Rad57 was also observed in a topology-based assay ( Supplementary Figs 4, 5) .
To investigate the role of Rad55-Rad57 in antagonizing disruption of Rad51 presynaptic filaments by Srs2 further, we used electron microscopy to examine nucleoprotein filaments directly ( Fig. 3 and Supplementary Fig. 6 ). Rad51 filaments were assembled on a 600nucleotide fragment of ssDNA and RPA was added to visualize free ssDNA. Consistent with previous observations 14, 15 , in the absence of Rad55-Rad57 Srs2 disrupts the Rad51-ssDNA filament efficiently, leading to binding of RPA to the newly exposed ssDNA ( Fig. 3 ). Importantly, when substoichiometric amounts of Rad55-Rad57 were incubated with Rad51 and ssDNA, the filaments were stabilized against disruption by Srs2, as indicated by the significantly increased mean filament length.
How do Rad55-Rad57 heterodimers block Srs2 from dissociating Rad51 from ssDNA? Srs2 is known to interact with Rad51 and trigger the Rad51 ATPase leading to dissociation of Rad51 from ssDNA 16 . We found that Rad55-Rad57 form a 1:1 complex with Srs2 ( Fig. 4a ) and have higher affinity to Srs2 than to Rad51 (Fig. 4b, c ). Excess Rad51 does not compete with Srs2 binding to Rad55-Rad57 ( Supplementary  Fig. 7 ). Moreover, Rad55-Rad57 heterodimers are able to simultaneously bind Rad51 and Srs2 in a 1:1:1 stoichiometry ( Fig. 4d and Supplementary Figs 7-9 ). We considered the possibility that Rad55-Rad57 inhibit the Srs2 ATPase activity and by that Srs2 translocation, but Srs2 ATPase activity is barely altered by the presence of Rad55-Rad57 (data not shown). Srs2 translocase/helicase activity is stimulated by Rad51 binding to DNA 17 ( Fig. 4e-g) . Importantly, Rad55-Rad57 completely suppress this stimulatory effect of Rad51, leading to inhibition of the Srs2 helicase activity even at a fivefold molar excess of Srs2 over Rad55-Rad57 ( Fig. 4f, g and Supplementary Fig. 10 ). This substoichiometric action of Rad55-Rad57 eliminates the possibility that Rad55-Rad57 inhibition functions by binding Srs2 in solution.
Rad55-Rad57 only slightly inhibit Srs2 helicase in the absence of Rad51 ( Fig. 4g and Supplementary Fig. 10c ). Control experiments show that this effect depends on Srs2 translocating in the expected 39 to 59 direction ( Supplementary Fig. 10d ), showing that Rad55-Rad57 inhibit Srs2 translocation on DNA to increase filament stability (Figs 1 and 2) and function ( Supplementary Fig. 11 ). Direct visualization of human RAD51 filaments revealed that RAD51 is only able to form discontinuous short clusters on double-stranded DNA, as a result of frequent nucleation but limited extension 18, 19 . If this property holds
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true for ssDNA, the formation of a co-filament with Rad51 by Rad55-Rad57 might provide a mechanism to form extended Rad51 filaments. This could also explain the increase in Rad55-Rad57 focus intensity over time after ionizing radiation exposure, and is consistent with the dependence of Rad55-Rad57 foci on Rad51 (ref. 10).
Our biochemical data are consistent with a model ( Supplementary  Fig. 1 ) whereby Rad51 presynaptic filament formation is modulated by a balance between the stabilizing function of Rad55-Rad57 and the destabilizing function of Srs2 antirecombinase. This model predicts that a deletion of SRS2 should suppress the phenotypes caused by defects in Rad55-Rad57. In fact, srs2D completely suppresses the ionizing radiation sensitivity of rad57 and rad55 mutations in quantitative survival assays ( Supplementary Fig. 12 ), consistent with semiquantitative results using rad57 (ref. 20) . However, srs2D only mildly suppresses the methyl methanesulphonate sensitivity ( Supplementary Fig. 13 ) and recombination defect ( Supplementary Fig. 14) of a rad55 mutation, consistent with previous rad57 data 20 . The difference in suppression is likely related to a difference in substrates: ionizing radiation-induced DNA damage requires primarily double-strand break repair, whereas methyl methanesulphonate-induced DNA damage and sister chromatid recombination require gap repair ( Supplementary Fig. 1 ). We propose that the Rad51 presynaptic filament is a meta-stable reversible intermediate, whose dynamics in yeast are partially controlled by the balance of the filament-stabilizing activity of Rad55-Rad57 and the filamentdestabilizing activity of the Srs2 helicase ( Supplementary Fig. 1 ). This balance is likely to be influenced by the multiple post-translational modifications that have been identified to regulate Rad55-Rad57 (ref. 21) and Srs2 (ref. 22 ) functions ( Supplementary Fig. 1) 1 . Together with the local availability of SUMO-PCNA, which specifically recruits Srs2 (refs [23] [24] [25] ), post-translational modifications may determine the balance between recombination and antirecombination in wild-type cells and explain the various degrees of suppression observed in the srs2 rad55 (rad57) double mutants that depend on the type of DNA damage or genetic endpoint (double-strand break versus replication-fork-associated gap in Supplementary Fig. 1 ).
The human RAD51 paralogues have important roles in tumour suppression and human disease 3, 26 . Our studies established an unprecedented mechanism of anti-antirecombination that may serve as a LETTER RESEARCH paradigm for the mechanism of action of the five human RAD51 paralogues. The diversification of the human RAD51 paralogues may reflect the multiplicity of human motor proteins that may disrupt RAD51 presynaptic filaments, including the RecQ-like helicases BLM and RECQL5 as well as FBH1 and FANCJ [27] [28] [29] [30] or indicate additional functions during recombinational repair.
METHODS SUMMARY
Purification of yeast Rad51, Rad55-Rad57, RPA and Srs2, the biochemical assays and the electron microscopy analysis are detailed in Methods.
METHODS
Protein purification. Yeast Rad51, RPA and Srs2 proteins were purified as described 15, 31 . The purification of Rad55-Rad57 was adapted from a previously published protocol 32 . Yeast cells overexpressing GST-Rad55-His 6 -Rad57 were grown and harvested as described 32 . Cells were disrupted in Buffer B containing 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 1 M NaCl, 10% (v/v) glycerol, 10 mM b-mercaptoethanol and protease inhibitor cocktail (1 mM PMSF, 2 mM leupeptin, 1 mM pepstatin A and 1 mM benzamidine) using glass beads (0.5 mm glass beads; BioSpec Products, Inc.). The cell lysate was centrifuged at 40,000 r.p.m. for 45 min using a Ti50.2 rotor. The supernatant was collected and loaded onto a pre-equilibrated Glutathione Sepharose 4B column (GE Healthcare). After washing with buffer A (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 M NaCl, 5 mM b-mercaptoethanol and 10% glycerol), the GST-tagged proteins were eluted with Buffer A containing 20 mM reduced glutathione plus protease inhibitor cocktail. Fractions containing the GST-Rad55-His 6 -Rad57 heterodimer, as determined by 10% SDS-PAGE, were pooled and dialysed against Buffer C (50 mM NaH 2 PO 4 pH 8.0, 1 M NaCl and 10% glycerol) containing the protease inhibitor cocktail. Then the pool was loaded onto a pre-equilibrated Ni-NTA agarose column and washed with Buffer C plus protease inhibitor cocktail. The bound complexes were eluted with Buffer C containing 0.5 M NaCl, 0.1 mM PMSF and 250 mM imidazole, and analysed by 10% SDS-PAGE. Fractions containing stoichiometric Rad55-Rad57 heterodimer were pooled, concentrated, dialysed into the storage buffer containing 20 mM Tris-HCl pH 7.5, 0.5 M NaCl, 0.1 mM EDTA, 1 mM DTT and 10% glycerol, and then stored in aliquots at 280 uC. The absence of contaminating enzymatic activities and DNA in protein preparations was verified as described 33 .
Purification of 600-nucleotide ssDNA. As published previously 17 , 600-bp dsDNA fragments biotinylated at a one 59 end were generated by PCR from PstI-linearized wX174 DNA using primers WDHY427 59-TTATCGAAGCGCGC ATAAAT-39 and 59 biotinylated WDHY431 59-GTCTTCATTTCCATGCGG TG-39. The biotinylated dsDNA was loaded onto a HiTrap Streptavidin HP column (Amersham Biosciences), and non-biotinylated single-stranded DNA was eluted with 60 mM NaOH. Rad51-ssDNA filament assembly assay. In Fig. 1b, Rad51 (0.67 mM) was incubated with 4 mM ssDNA, in the presence or absence of 0.11 mM Rad55-Rad57, in buffer R containing 20 mM triethanolamine pH 7.5, 4 mM magnesium acetate, 2.5 mM ATP, 25 mg ml 21 BSA, 1 mM DTT, 90 mM NaCl and 5% glycerol for 10 min. Then 0.25% glutaraldehyde was used to crosslink the protein-DNA complexes for 15 min. The complexes were separated on a 0.5% agarose gel, stained with SYBR Gold, transferred to nitrocellulose membrane, and blotted with rabbit polyclonal anti-Rad51 or anti-Rad55 antibodies. Rad51-ssDNA filament salt challenge assay. In Supplementary Fig. 3 , Rad51 (0.267 mM) was incubated with 4 mM ssDNA, in the presence or absence of 0.067 mM Rad55-Rad57, in buffer R containing 20 mM triethanolamine pH 7.5, 4 mM magnesium acetate, 2.5 mM ATP, 25 mg ml 21 BSA, 1 mM DTT and 5% glycerol for 10 min. Then 5 M stock NaCl solution was added to the reaction to reach a final concentration of 500 mM for a further incubation of 30 min. Glutaraldehyde (0.25%) was used to crosslink the protein-DNA complexes for 15 min. Complexes were separated on a 0.5% agarose gel and stained with SYBR Gold. Proteins were transferred to nitrocellulose membrane and blotted with anti-Rad51 antibodies. All DNA concentrations refer to nucleotides (ssDNA) or base pairs (dsDNA). Protein binding to ssDNA immobilized on magnetic beads. In Fig. 2b , a 59-biotinylated oligonucleotide was immobilized onto magnetic streptavidin beads as previously described 34 . The oligo sequence is 59-CCCCCCCCCCCCCA AGATAATTTTTCGACTCATCAGAAATATCCGAAAGTGTTAACTTCTGCG TCATGGAAGCGATAAAACTC-39. In experiments containing Srs2, 10-ml slurry of beads containing 3 mM ssDNA was incubated with 1 mM Rad51 in the presence and absence of 0.1 mM Rad55-Rad57 in buffer containing 20 mM triethanolamine, 5 mM magnesium acetate, 4 mM ATP, 25 mg ml 21 BSA, 1 mM DTT, 5% glycerol and 25 mM NaCl for 10 min at 22 uC. Then 0.1 or 0.33 mM Srs2 protein was added and further incubated for 10 min. The beads were washed, and bound proteins were eluted and quantified as described 35 . Background protein binding was typically less than 3%. Topology-based assay for Rad51 dissociation. A published protocol was modified slightly for this assay using M13mp18 ssDNA 36 . In Supplementary Fig. 4, 375 nM Rad51, with 0, 80 and 120 nM Rad55-Rad57, were incubated with 9 mM circular M13mp18 ssDNA in 25 ml of buffer containing 20 mM triethanolamine pH 7.5, 4 mM magnesium acetate, 25 mg ml 21 BSA, 1 mM DTT, and an ATP-regenerating system consisting of 2.5 mM ATP, 20 U ml 21 creatine kinase, and 20 mM creatine phosphate for 10 min at 30 uC. Then, 100 nM Srs2 and 150 nM RPA were added and incubated for 10 min, before the addition of topologically relaxed pUC19 dsDNA (7 mM in base pairs) and wheat germ DNA topoisomerase I (3 U). After another 10 min incubation, reactions were stopped by addition of 4 ml stop solution consisting of 1% (w/v) SDS, 75 mM EDTA, 10 mg ml 21 protease K and further 30 min incubation at 37 uC. DNA species were resolved by electrophoresis on a 1% TBE-agarose gel and visualized using ultraviolet transillumination after ethidium bromide staining. The results were quantified using ImageQuant. Protein interaction assays. GST-Rad55-His 6 -Rad57 (4 nM) or 30 nM GST (GE Healthcare) were incubated with increasing amounts of either Srs2 or Rad51 in buffer P containing 25 mM Tris-HCl (pH 7.5), 10 mM magnesium acetate, 50 mM NaCl, 1 mM DTT, 10% glycerol and 0.05% NP-40 for 1 h at room temperature ( Fig. 4a-d) . Equilibrated and BSA-treated Glutathione-Sepharose 4B beads were added to the mixture and incubated for 1 h. The beads and supernatant were separated by centrifugation and the beads were washed twice with binding buffer P. The pulled-down protein complexes were eluted by boiling at 95 uC for 3 min in 10 ml SDS-PAGE loading buffer, separated through a 10% SDS-PAGE gel, and the protein bands were visualized through immunoblots and quantified by ImageQuant. In Fig. 4a , b, 1/16th of the supernatant and wash were loaded. In Fig. 4d, 1/7th of the supernatant and wash were loaded. For the competition protein binding assay ( Supplementary Figs 7 and 8) , the two proteins were incubated for 30 min before the addition of an increasing amount of the third challenging protein, as specified in the diagrams. After another 30-min incubation, equilibrated and BSA-treated Glutathione-Sepharose 4B beads were added to the mixture and incubated for 1 h. Analysis and quantification was performed as described above. The anti-Rad51, -Rad55 and -Rad57 antibodies were generated in rabbits, the anti-Srs2 antibody was purchased from Santa Cruz Biotechnology. Helicase assay. The assay followed a published protocol and the substrates were prepared exactly as described before 15 . In Fig. 4f , 28 nM Rad51 with 0 or 25 nM Rad55-Rad57 were incubated with 1.5 nM oligo substrate with 39 tail in buffer containing 20 mM triethanolamine pH 7.5, 4 mM magnesium acetate, 25 mg ml 21 BSA, an ATP-regenerating system consisting of 2.5 mM ATP, 20 U ml 21 creatine kinase and 20 mM creatine phosphate, as well as either 1 mM DTT and 40 mM NaCl (Fig. 4e, g and Supplementary Fig. 10c, d ) or 5 mM DTT and 10 mM NaCl ( Supplementary Fig. 10a ) for 10 min at 30 uC. Then 120 nM Srs2 protein was added to initiate the helicase reaction. After 20 min incubation, the reactions were stopped by adding 4.5 ml stop buffer containing 150 mM EDTA, 2% SDS, 163 nM unlabelled oligo, and 4.3 mg ml 21 protease K into 9 ml reaction sample. The DNA species were separated through electrophoresis on a 10% TBE-PAGE gel, which was dried and analysed by a Storm phosphorimager. The bands were quantified by densitometry using ImageQuant. DNA strand exchange assay. In Supplementary Fig. 11, Rad51 (3.3 mM) was incubated with 0.3 mM Rad55-Rad57 or the corresponding amount of Rad55-Rad57 storage buffer and 10 mM wX174 ssDNA for 15 min at 30 uC in buffer containing 30 mM Tris-acetate (pH 7.5), 4 mM magnesium acetate, 75 mM NaCl, 1 mM DTT, 2.5 mM ATP, 50 mg ml 21 BSA, 20 mM phosphocreatine and 80 ng ml 21 creatine kinase. 0.56 mM RPA and 0, 333, 222, 167, 125 nM of Srs2 were added, and incubated for another 30 min. Then 10 mM (bp) PstI-linearized wX174 dsDNA and 4.8 mM spermidine were added and further incubated for 120 min. Samples were deproteinized and separated by electrophoresis on a 0.8% TBEagarose gel. Images were recorded using a FluorChem8900 imaging system (Alpha Innotech) after staining with SYBR-Gold (Invitrogen), and quantified with ImageQuant. Percentage of joint molecule (JM) was calculated according to the equation JM% 5 (JM/1.5)/(JM/1.5 1 NC 1 dsDNA). Percentage of product formation was calculated according to the equation product% 5 (JM/ 1.5 1 NC)/(JM/1.5 1 NC 1 dsDNA). NC, nicked circle. Electron microscopy. To assemble the protein-DNA filament, 2.34 mM Rad51 protein, in the presence or absence of 0.43 mM Rad55-Rad57, was incubated with 7 mM 600-nt ssDNA (1) strand for 10 min at 30 uC in 20 mM triethanolamine pH 7.5, 4 mM magnesium acetate, 1 mM DTT and 3 mM ATP. RPA (0.21 mM) was added and incubated for another 10 min. Lastly, 0.4 mM Srs2 or buffer control was added and incubated for 10 min. The reaction mixtures were diluted 20-fold in 10 mM Tris-HCl pH 7.5, 50 mM NaCl and 5 mM MgCl 2 without chemical fixation. The samples were adsorbed onto 400 mesh carbon-coated copper grids (Ted Pella), negatively stained with 2% (w/v) uranyl acetate, blotted, and air-dried. Grids were imaged in a JEOL JEM-1230 transmission electron microscope (JEOL). Images of Rad51-filaments were randomly collected from different areas on the grid. 6-10 grids were used for each condition. Images were recorded at a nominal magnification of 340,000 under minimum dose procedures on a Tietz 2,048 3 2,048 pixel CCD camera (TVIPS, Germany). Immunoaffinity gold labelling of GST-Rad55, as shown in Fig. 1d , was adapted from a published protocol 37 . In brief, Rad51-Rad55-Rad57-ssDNA complexes were assembled as described above and crosslinked with 0.25% glutaraldehyde for 20 min, before deposition on grids. Grids were blocked in 50 mg ml 21 BSA in TBST for 30 min, and then incubated with goat anti-GST antibody (GE Healthcare) for 30 min. After three 5 min washes with 50 mg ml 21 BSA in TBST, the grids were incubated in TBST plus a 1:5 LETTER RESEARCH dilution of gold particles dressed with rabbit anti-goat antibody (BioAssay Works). After two 5 min washes in 50 mg ml 21 BSA in TBST and one 5 min wash in 5 mM magnesium acetate, grids were stained with 2% (w/v) uranyl acetate before imaging. Saccharomyces cerevisiae strains. Strains used are listed in Supplementary Table 2 . Recombination assay. Spontaneous recombination rates between direct repeats were determined following a published fluctuation analysis protocol using the method of the median 38, 39 . The direct-repeat recombination substrate has two different ade2 alleles separated by plasmid sequences and the URA3 gene 20 . Yeast strains were grown on YPD plates for 2 days at 30 uC for single colonies. For each strain, nine independent single colonies were randomly chosen and the entire colony was used to inoculate 4 ml YPD liquid culture. Liquid cultures were grown for 2-3 days at 30 uC to reach stationary phase. Cells were collected, washed with sterile H 2 O, and suspended into 1 ml sterile H 2 O. 100 ml of appropriate dilutions of each culture were spread on two plates each of SD-ADE-URA. Cells were incubated for 2 days at 30 uC. For each culture, the number of colonies on YPD were counted and totalled to determine the total cell number. The number of colonies on SD-ADE-URA were counted to determine the median number of recombinants. For each strain, recombination rates were measured independently three times and the mean values with standard deviations are shown. MMS sensitivity assay. Yeast strains were grown overnight in liquid YPD to midlog phase at 30 uC, and then diluted to OD 600 nm 5 1. Serial dilutions of these cell cultures were made with sterile H 2 O and spotted onto YPD plates with or without methyl methanesulphonate. Plates were incubated for 3 days at 30 uC or 5 days at 22 uC before photographing using a FluorChem8900 imaging system (Alpha Innotech). Ionizing radiation survival assay. Exponentially growing cells (1 3 10 7 to 2 3 10 7 per ml) in YPD medium at 28 uC were collected by centrifugation, washed in cold saline (0.9% NaCl), sonicated and resuspended in saline at the desired concentration. The cell suspension was c-irradiated in a 137 Cs irradiator delivering 20 Gy min 21 . Aliquots of appropriate dilutions were spread on YPD-containing plates pre-warmed at either 23 uC or 34 uC. The plates were incubated at the corresponding temperature for 4 days (34 uC) or 6 days (23 uC) before counting the colonies. Platings were done in duplicate. The experiments were repeated at least three times, and the result of one typical assay is shown.
